Cytomegaloviruses are common worldwide, with variable frequency of infections. The infection in pregnancy may lead to pregnancy loss or serious sequelae for the child. To understand the risk posed by CMV in Poland we conducted cross-sectional study on women aged 15-49 basing on existing serum bank. Age dependent CMV incidence, the rates of congenital infection and sequelae were modelled from sero-prevalence, literature and demographic data. The overall anti-CMV IgG prevalence was 81.9% increasing from 74.3% in < 30 years old to 94.3% in subjects 45+ years old. The lowest incidence was estimated at the age of 15 and the highest at the age 34 (3.8 and 8.95 respectively/100 women/year). The estimated rate of cCMV varies from 22.4 to 37.2 per 1000 live birth depending on the assumptions made. The proportion of cases due to secondary infection ranged from 34.8% to 49.9% accordingly.
Introduction
Cytomegalovirus (CMV) infections are common with a worldwide distribution. The virus spreads by contact with infected body fluids, usually saliva, urine, blood, or genital secretions (Cannon et al., 2011) . After the primary infection (the first infection), despite immune response, CMV establishes a lifelong latency with intermittent reactivations (Sinclair and Sissons, 2006) . The infected individual may also experience reinfection by another strain of CMV. During pregnancy, primary or secondary (reactivation or reinfection) maternal infection can lead to transmission through placenta and infecting the fetus, which gives rise to congenital CMV infection (cCMV) (Hyde et al., 2010) .
CMV is the leading cause of congenital infections in humans, resulting in pregnancy loss or disability of the child, including sensorineural hearing loss, developmental delay and mental retardation. The consequences of the infection of a pregnant women depend largely on the type of CMV infection. While primary infection during pregnancy has a higher rate of mother-to-fetus transmission and is more likely to cause symptoms at birth, strong evidence exist that in fact the secondary infections account for the most of the disease burden associated with cCMV (Kenneson and Cannon, 2007; Wang et al., 2011; Yamamoto et al., 2013) . The risk of acquiring the primary infection during pregnancy depends both on the incidence and on the proportion susceptible among the pregnant women, which can be approximated by the proportion of women who do not have CMV antibodies. In the situation, in which the majority of pregnant women have already experienced a prior CMV infection the majority of in utero infections will be due to secondary maternal infections. Hence, these infections will become the main source of the cCMV.
Results of the earlier sero-epidemiological studies showed that prevalence of CMV infection depends on age, origin and socioeconomic status. Adults of high socioeconomic status in developed countries may have an antibody prevalence as low as 40%, while in developing countries more than 80% subjects are CMV positive (Nyholm and Schleiss, 2010) . Among women in Europe the seroprevalence level varies from 30% to 90% (Ludwig and Hengel, 2009 ). The last, representative serosurvey in Poland was carried out in 1979 (Imbs and Rudnicka, 1987) . Thirty five years ago in Poland, 4 426 seroprevalence in women aged 15-39 years old was 83.3% and these infections are not under surveillance. The burden of congenital disease remains therefore largely unknown and we are currently not able to quantify the risk of infection and its complications to pregnant women and their children. Our aim was to estimate current seroprevalence of CMV among women of the childbearing age in Poland and estimate the risk of CMV, cCMV and of the long term sequelae related to cCMV in order to better inform pregnancy screening and counselling practices as well as other potential strategies to prevent cCMV.
Experimental

Materials and Methods
Serum samples. Serum samples for testing were selected from a serum bank collected in ethics statements 6/2008 -Committee of Bioethics at NIPH-NIH, 19.08.2008 . Serum bank, intended to represent the general population, included 4822 serum samples collected by cluster sampling method, with clusters defined by the hospital unit and specific day within the recruitment period. The selection of 21 hospital units was made randomly from "Register of Healthcare Units" circumscribed to orthopedic and general surgery wards in 5 geographical regions of Poland (lubelskie, mazowieckie, świętokrzyskie, warmińsko-mazurskie and wielkopolskie). Each individual participating in the project was asked to provide written consent to include their anonymized serum sample for future epidemiological investigations of infectious diseases (serological or molecular). Serum samples were collected from all consenting adult patients fulfilling the following criteria: admitted to the hospital because of emergency indications (accidents, injuries) or hospitalized for appendicitis, hernia, or the gallbladder inflammation as described in (Godzik et al., 2012) . Sera were aliquoted, catalogued and stored at -70°C. The consent forms are stored within the medical records at the laboratory, which performed diagnostic testing for the initial project. The serum bank is maintained by the Department of Virology, National Institute of Public Health -National Institute of Hygiene and is fully anonymous (http://www.pzh.gov. pl/page/index.php?id=1075&L=1). The bank is accessible for further sero-epidemiological research upon acceptance by the project committee. We studied a total of 712 samples collected from women in childbearing age in the following age groups: < 30 years (218), 30-34 years (105), 35-39 years (133), 40-44 years (114), 45+ years (142).
Laboratory test and quality control. IgG antibodies specific to cytomegalovirus were detected using an indirect enzyme immunoassay (ETI-CYTOK-G PLUS test, DiaSorin, Italy). The antibody level was expressed in international units per millilitre (mIU/ml). For the internal quality control purpose the 10% of tested samples (n = 70) were blindly retested with the same test kit. Internal quality control showed 100% concordant results (61 positive and 9 negative).
Statistical analysis. We used chi-square test and logistic regression to compare the prevalence of CMV across age groups, region and type of residence (urban/ rural). Relation by age was investigated both using age group and with the fractional polynomial model, but for simplicity of interpretation age group is shown in the prevalence model. Likelihood ratio test was used to test the effects of covariates in the logistic model.
Estimation of the force of infection and incidence. Assuming life-long immunity (demonstrated by detectable antibodies), negligible mortality due to the CMV infection and stability of the force of infection over time we were able to estimate the age dependent force of infection l(a) based on the serology results using the catalytic model:
Where q (a) = 1 -π (a) is the proportion of susceptible individuals among the population of age a, π (a) is prevalence of antibodies at the age a, so
The force of infection, l (a), can be derived as follows:
The prevalence is modeled with a linear model with link function g and the linear predictor η (a):
In order to ensure a flexible choice of the model for the force of infection we used the fractional polynomial model for η (a) with logit and complementary log-log link functions g to model the age dependent prevalence π (a) (Shkedy et al., 2006) .
For the logit link function we have the following equality for the force of infection:
We selected best fitting models based on deviance criterion and Akaike information criteria (AIC) for selecting among models with different link function. We restricted the considered models to those estimating positive force of infection. Based on these criteria we selected logistic model with
Substituting the formula for η (a) the force of infection is estimated according to the formula:
The estimated force of infection describes the rate of infections among the susceptible fraction of the population. In order to inform the burden of disease among women of the childbearing age and the possible impact on congenital infections we estimate the rate of infections in the entire population, incidence
Estimation of the burden of congenital CMV infection. We estimated the rate of congenital infection per 1000 births assuming:
-the incidence in pregnancy is not different then among non-pregnant women of the same age and the childbearing age is restricted to 15-49 years -the rate of transmission to fetus in case of previously seronegative pregnant women is 32% (Kenneson and Cannon, 2007 ) -the rate of cCMV due to primary maternal infections, R prim will be estimated by summing mother age specific rates (child bearing age):
virus to the fetus independently of the incidence of CMV in the population. In particular this proportion will not vary by age. The rate of cCMV, R sec = R react inputted in this model is based on the proportion observed in other countries as proposed by de Vries et al. (2013): where P is the seroprevalence among pregnant women estimated based on seroprevalence among women of childbearing age weighted by the number of birth by maternal age:
-the proportion of cCMV infections that are symptomatic infections at birth is S 1 = 15% for cCMV related to primary infection and S 2 = 1% for those related to secondary infection (Gardella, 2008) . The rate of cCMV symptomatic at birth per 1000 birth, R sympt , was evaluated as:
for children with cCMV symptomatic at birth and L 2 = 10% for those without symptoms at birth (Gardella, 2008) . The rate of long term sequelae, R seq , was calculated as:
We considered the following scenarios: Scenario 1 (no pregnancy loss/reinfection): there is no pregnancy loss associated with CMV infection and the cCMV due to secondary infection is related to reinfections.
Scenario 2 (first trimester pregnancy loss/reinfection): all infections in the first trimester lead to pregnancy loss and thus only the infections in second and third trimester lead to cCMV, and the cCMV due to secondary infection is related to reinfections.
Scenario 3 (no pregnancy loss/reactivation): there is no pregnancy loss associated with CMV infection and cCMV associated with secondary infections is related to reactivations.
Scenario 4 (first trimester pregnancy loss/reactivation): all infections in the first trimester lead to pregnancy loss and cCMV associated with secondary infections is related to reactivations.
For the four scenarios we evaluated the overall cCMV rate, the rate of symptomatic infections at birth and the rate of long term sequelae. The calculations based on the number of births (live and dead) registered in 2011, according to the maternal age (Central Statistical Office of Poland).
The confidence intervals for the force of infection, the cCMV rates, the rates of symptomatic infections and
Where B (a) number of births given by mothers aged a, B is the total number of life births D is the time at risk for infection resulting in cCMV, as fraction of year and T 1 the transmission rate to fetus, T 1 = 32%. The calculations based on the number of births (live and dead) registered in 2011, according to the maternal age, B (a) (Central Statistical Office of Poland).
-the rate of cCMV due to secondary infections, R sec , is estimated in two different scenarios:
• "reinfection model": assuming that the reinfections occur at the same rate as primary infections (force of infection l (a)), cCMV is associated only with reinfection and the transmission rate to fetus, T 2 , is related to T 1 as followed: T 2 = 0,31 × T 1 . The cCMV rate per 1000 live births in the "reinfection model", R sec = R reinf , is:
1 B R react = P 1 + exp (6.15 -2.44 × P)
1 B
• "reactivation model": the cCMV is associated only with reactivation, i.e. not related to the reinfection rate. We further assume that every seropositive woman has the same chance of transmitting the 428 long term sequalae were estimated by parametric bootstrap method resampling 1000 times (Normal-based bootstrap confidence intervals, BCI). In this method the model for prevalence was assumed to be correct, the mean adjusted standardized Pearson's residuals were resampled and combined with the model estimated values to create the bootstrapped dataset (Davidson and Hinkley, 1997) . Statistical analysis was carried out in STATA version 13.1. The confidence intervals were calculated only taking into consideration variability arising from seroprevalence data with all the literature parameters assumed to be known.
Results
CMV IgG prevalence and estimated incidence of primary CMV infection among women of childbearing age. The overall prevalence of CMV IgG among women of childbearing age was 81.9% (583 out of 712). The number of negative samples was 129 (18.1%). There were no equivocal results. The prevalence was age-dependent and increasing from 74.3% in < 30 years old to 94.3% in subjects 45+ years old.
In multivariable analysis age was the most important predictive factor for CMV prevalence (Table I) . Additionally we note regional differences, although the overall contribution of the factor on likelihood ratio test is insignificant. On the other hand the difference between the rural and urban residence was small and insignificant.
Observed and predicted prevalence by age was shown on Fig. 1 . It should be noted that for the age range in question there is an almost linear increase. Figure 2 depicts the incidence of primary infection in the population of the observed level of susceptibility. The lowest incidence is expected at the age of 15 (3.8 per 100 women per year) and the highest during the age 30-40 (the maximum 8.95 at the age 34). For higher ages the incidence then declines due to universal immunity, although the force of infection remains high (data not shown). The estimate of the overall incidence among women of childbearing age is 6.98 per 100 per year (Normal-based 95% Bootstrap CI, BCI, 5.15-8.0).
Estimated burden of congenital CMV infections in Poland. CMV seroprevalence standardized to the age distribution of the pregnant women in 2011 was 75.3% (95% CI 70.7 -79.4%) and the estimated incidence of primary infection in this group -7.76 per 100 per year (95% BCI 5.68-9.85). The estimated rate of cCMV varies from 22.4 to 37.2 per 1000 live birth depending on the scenario, with non-overlapping 95% confidence intervals for the highest and the lowest esti- Predicted prevalence is based on the accepted fractional polynomial model relating the prevalence to the woman's age. mate (Table II) . The difference was especially apparent for older ages of the mother (Fig. 3) . These estimates included infections due to primary infection of the pregnant mother at 18.6 per 1000 live births in scenarios 1 and 3, assuming no relation of CMV infection to pregnancy loss, or 12.4 in scenarios 2 and 4 assuming all infections in the first trimester lead to pregnancy loss. The estimates of the number of cCMV rates due to secondary infections were higher in the scenarios 1 and 2, relating the risk of cCMV to the force of infection, which may be viewed as re-infection model. The proportion of cases due to secondary infection ranged from 34.8% to 49.9% accordingly (Table II) . The rate of infections symptomatic at birth ranged across the scenarios from 1.9 to 3 per 1000 births, for all of the scenarios being the highest among women aged 30-35. The rates of long-term sequelae had a similar peak for the scenarios 3 and 4, but for the scenarios 1 and 2 were increasing for older ages of the mother (Fig. 3) . The incidence is estimated from observed prevalence based on catalytic model for the force of infection combined with fractional polynomial prevalence model. The 95% confidence band (shaded area) is obtained through parametric bootstrap method. Fig. 3 . Predicted rate of cCMV, cCMV symptomatic at birth and long-term sequelae, by mother's age.
The rates of cCMV, cCMV symptomatic at birth and the long term sequelae are estimated from estimated force of infection, estimated prevalence and published values of individual risk for symptoms at birth and development of long term sequelae. The following scenarios were used: Scenario 1. No pregnancy loss due to CMV infection/ cCMV due to secondary infection related to reinfections; Scenario 2. All infections in the first trimester lead to pregnancy loss/ cCMV due to secondary infection is related to reinfections; Scenario 3. No pregnancy loss due to CMV infection/ cCMV due to secondary infections related to reactivations; Scenario 4. All infections in the first trimester lead to pregnancy loss/ cCMV due to secondary infections related to reactivations.
Discussion
We estimate that 81.9% of women of childbearing age in Poland have been infected with CMV, as evidenced by presence of CMV IgG antibodies. The sero-prevalence increased from 74.3% in < 30 years old to 94.3% in subjects 45+ years old, suggesting the decreasing with age pool of women susceptible to primary infection. Accounting for the distribution of the births by mother's age we were able to produce overall estimates of congenital infection burden. Assuming no CMV related pregnancy loss, the rate of cCMV was estimated at 37.2 (95% CI 27.6-46.8) per 1000 births under re-infection model or 28.6 (95% CI 23.7-33.5) under re-activation model. Conversely, if all women infected in the first trimester of pregnancy miscarried, the rates of cCMV would be respectively 24.8 (95% CI 18.4-31.2) and 22.4 (95% CI 19.1-25.7) per 1000 births.
The results of our study showed that seroprevalence in Poland is higher than in the majority western European countries in white women with: 30.4% in Ireland within Irish women (Knowles et al., 2005) , 45,6% in The Netherlands (Kordenwal et al., 2015) , 45.9% in United Kingdom within white women (Tookey et al., 1992) , 47.5% in Germany (Enders et al., 2003) , 51.5% in France (Gratacap-Cavallier et al., 1998 ), 57.4% in Spain (de Ory et al., 2004 , 70.7% in Finland (Mustakangas et al., 2000) , 72% in Sweden (Engman et al., 2008) . It was also observed that seroprevalence in 2010 (81.9%) not much differ from this observed in 1979 (Imbs and Rudnicka, 1987 ) (83.3%). High prevalence, which is comparable to the estimates from before 35 years as well as little regional differences suggest persistent and universal existence of factors driving CMV transmission in Poland. These factors have not been well studied, but taking into account significant burden of disease more attention should be given to establish the contexts of transmission.
In line with the difference in seroprevalence between women in childbearing age in Poland and in other developed European countries, the rate of cCMV estimated in our model, 22.4 up to 37.2 per 1000 births depending on assumed scenario, is higher from the results of two independent meta-analyses performed by Kenneson et al. (2007) and Dollard et al. (2007) -0.64% and 0.7% accordingly. Numerous previous studies noted the positive correlation between the seroprevalence among pregnant women and the rates of cCMV (Kenneson and Cannon, 2007; Ludwig and Hengel, 2009; de Vries et al., 2013) . This is explained by the fact that the higher seroprevalence indicates higher force of infection and therefore a higher risk of primary infection in seronegative pregnant women, but also the higher risk of reinfection among the seropositive women.
Incidence estimated based on the seroprevalence cross-sectional sample is low among women below 20 and peaks at the age of 30-35 (Fig. 2) . Women in their late 30-ties or early 40-ties are more likely to have contact with small children of their own or in their surroundings and may be therefore exposed to CMV. This is compatible with the observation that having a child was a risk factor for infection (Kiss at al., 2002; Revello et al., 2011) . The virus activation from latency is the multifactorial process in which the stress affecting the immunological system could trigger reactivation (Liu et al., 2010 of burden of cCMV illness was also attributed to secondary infection of pregnant women by other authors (Wang et al., 2011) . In the developed countries this proportion was even higher than in our study, possibly in relation to the lower force of infection and thus lower rate of primary infections.
Our results, especially if considered by age, were sensitive to the assumptions regarding the role of reinfection/reactivation. While it is known that the role of non-primary maternal infections as a source of congenital infection is very important, it is not known what extent of cCMV are caused by viral reactivation versus reinfection with a different viral strain. Observed epidemiological patterns such as the difference between the rate of cCMV in infants born to low income women (1 to 2 percent) and the rate in those borne to middle or high income women (0.1 to 0.2 percent) cannot be explained solely by reactivation (Boppana et al., 2001) . Accordingly it was suggested that reinfection plays a crucial role in cCMV development. Further, some studies have demonstrated association of the reactivity to new CMV strains in mothers who were initially seropositive with cCMV (Boppana et al., 2001; Yamamoto et al., 2010; Ikuta et al., 2013) . However, our "re-infection model" produces higher overall estimates than "re-activation model", for which the overall estimates rely on frequencies observed in other countries. We therefore conclude that although the age patterns seen in the "re-infection" models are more plausible then those in "re-activation" model the "re-infection" models may in fact overestimate the true number of cCMV. Mixed acquisition models for secondary infection could be also considered. However, at this point without additional data to inform the "mixture" parameters we would not be able to judge whether these models provide more realistic estimated. We therefore presented only the "extreme" models.
Attribution of cCMV associated with secondary infection to re-infection has implications for public health interventions aiming at behavioral change. As the children are the main source of virus and then could be a cause of re-infection in their mothers, avoiding exposure to CMV through behavioral changes, mainly increasing hygiene, should be beneficial for seropositive as well as seronegative pregnant women (Kiss et al., 2002; Revello et al., 2008; Price et al., 2014) .
We also observed, that for mothers approaching 40 or older even over 60% of long term sequelae may develop despite the lack of symptoms at birth. This estimate is supported by other studies indicating that the majority of children with cCMV infection who will developed subsequent late-onset hearing loss at the first 6 years of life have a normal hearing at birth and could be missed in newborn hearing screening (Fowler et al., 1999) . Therefore, to detect the late onset and progression of hearing loss the continued monitoring in population of cCMV infected children should be undertaken (Dahle et al., 2000) . Similarly as in case of hearing loss, the role of asymptomatic infection at birth may be underestimated in case of other cCMV sequelae as vision impairment and motor/cognitive deficit (Manicklal et al., 2013) . Given the high birth prevalence of cCMV in Poland the universal screening for cCMV should be considered.
The limitations of our study include that not much data on the important model parameters such as proportion of symptomatic infections and the proportion of long term sequelae are available. Simple numbers available from literature were used for the estimations in this paper, which overestimates our confidence in the results. No reliable information could be found of the rates of pregnancy loss in case of maternal infection and the differentiation between the role of reinfection and reactivation is still not well studied. We therefore considered four alternative scenarios and showed that the results are sensitive to the assumptions made. This allowed us to understand the possible ranges of cCMV rate, although we were not able to produce a single number for cCMV rate estimation.
Conclusion
We demonstrated persistently high burden of cCMV in Poland, higher than in neighboring countries. The reason for this difference is unknown, which should stimulate further research to clarify the level of awareness of the health providers and the pregnant women of the infection (Adler et al., 2004; Revello et al., 2011; Cordier et al., 2012a; 2012b) and inform the public health interventions. While the CMV IgG negative pregnant women should be still counselled about the risk of acquiring CMV, the importance of secondary infections in pregnancy, despite the low risk of it affecting the child on individual level, should be emphasised. Taken into the consideration the role and the impact of secondary infections, the prevention measures, such as vaccine or behavioral interventions, will be potentially beneficial not only to prevent primary infections but also secondary one. 
